Slowing light through Zeeman Coherence Oscillations in a duplicated
  two-level system by Hashmi, F. A. & Bouchene, M. A.
Slowing light through Zeeman Coherence Oscillations in a duplicated two-level system
F.A. Hashmi and M.A. Bouchene∗
Laboratoire de Collisions Agre´gats Re´activite´, C.N.R.S. UMR 5589, IRSAMC
Universite´ Paul Sabatier, 118 Route de Narbonne, 31062 TOULOUSE CEDEX 4, FRANCE
(Dated: November 1, 2018)
We present the theory of a new method to slow a linearly polarized probe pulse as it propagates
through a duplicated two-level system driven by an orthogonally polarized control field. The method
makes use of Zeeman coherence oscillations (CZO) that arise in the atomic system because of the
spatial and temporal modulation of the total polarization. This method exhibits properties similar
to those that rely on the electromagnetically induced transparency (EIT) but without the existence
of any trapping dark state. We demonstrate also the propagation of a polariton in the medium.
PACS numbers:
The possibility to slow down light through quantum
interferences is one of the most exciting research fields
in physics. The key idea is to create a narrow trans-
parency window in the absorption spectrum of a pulse
as it propagates in a medium. This transparency win-
dow is related, through Kramers-Kro¨nig relations to an
abrupt variation of the refractive index n(ω) of the ma-
terial leading to a small propagation velocity of the pulse
vg = c (n(ω) + ωdn(ω)/dω)
−1. The first realization of
slow light [1] made use of EIT [2]. This effect can be re-
alized in a three-level Λ system excited by two fields on
different transitions. The two lower states of the sys-
tem give rise to a bright and a dark state where the
dark state is immune to field excitation. Under suitable
conditions of excitation, all the atoms can be coherently
trapped in the dark state rendering the system transpar-
ent to both fields. This is Coherent Population Trapping
(CPT) and it plays an important role in many phenom-
ena in optics [3]. Another technique to slow light makes
use of Coherent Population Oscillations (CPO) [4]. A
two level system excited by a pump and a probe field
having slightly different frequencies gives rise to popula-
tion oscillations at the beat frequency inducing a pop-
ulation grating. Self diffraction of the pump from this
grating into the probe field compensates for the absorp-
tion of the latter by the medium and hence gives rise
to a transparency window. These two methods produce
very narrow transparency windows leading to ultra-slow
lights. These methods have been used to even stop, store
light and to make optical quantum memories [5]. Many
alternative techniques have also been proposed to obtain
optically controllable delays for telecommunication pur-
poses [6] but light velocities achieved here are far from
those obtained with EIT and CPO methods.
In this letter, we present the theory of a new method
that can lead to very small group velocities for a probe
pulse that propagates in a duplicated two-level system
driven by a control field (Fig. 1). This system can be
considered as the degenerated version of the double Λ sys-
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FIG. 1: (a) The duplicated two-level system and (b) fields
configurations.
tems that have been investigated in the context of reso-
nant nonlinear optical phenomena [7]. These systems can
exhibit EIT phenomena for equal strength pulses having
special phase relation between them [8]. For these match-
ing conditions, a dark state arises in the system, leading
to CPT and hence to slow [9] and stored [10, 11] light.
However, for arbitrary field strengths and/or arbitrary
phase relations between the fields, there is no dark state
in the system, ruling out the possibility of transparency
window or slow light through CPT. We show in this let-
ter that we can still produce transparency in the sys-
tem by making the fields propagate in different directions
and by having the control field much stronger than the
probe. The space/time modulation of the total polariza-
tion induces a grating in the zeeman coherences (Zeeman
Coherence Oscillations CZO) which diffracts the control
field into the probe field compensating for the absorption
of the latter. This is in strong analogy with CPO in a non
collinear geometry [12] but in this case, it’s the coherence
that is oscillating and not the population. Moreover the
transparency obtained exhibits properties more similar
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2to the one obtained by EIT than CPO. In a previous
study of the same system in the femtosecond regime, we
have shown that coherent control of the medium gain can
be achieved for the probe pulse [13]. The present study
is valid only for long pulses having duration larger than
inverse relaxation rates.
Consider F1/2 → F1/2 transition (energy ~ω0) excited
by two orthogonally polarized fields that propagate at
right angle to each other (e.g. 2S1/2F1/2 →2 P1/2F1/2
transition of 6Li at 671 nm). The electric fields are
~Ei (~r, t) = ~eii
(
~r, t
)
e−i(ωit−
~ki·~r) with i = σ, pi. The sys-
tem (Fig. 1) is equivalent to a duplicated two-level system
with the pi polarized control field ~Epi coupling the tran-
sitions with identical mF and the σ polarized probe field
~Eσ coupling the levels with different mF . The control
field is much stronger than the probe and we are inter-
ested in the spectral response of the atomic system for the
probe pulse. Using the distributed pump configuration
(Fig. 1) serves two purposes. First, in our method trans-
parency is not achieved for the control field in contrast
with EIT. Making the control beam cross the medium
transversely ensures that it is not absorbed significantly
during propagation and will be considered constant in
the following discussion. Secondly, the phase matching
condition is not satisfied for the field generated by four
wave mixing in the 2 ~kpi− ~kσ direction, that can spoil the
transparency. We determine in the following the suscep-
tibility of the atomic system driven by the control field
and calculate the group velocity for the probe.
The evolution of the density matrix ρ in the inter-
action picture leads to the following equations where
we have defined the ground and excited populations
ng = ρaa + ρbb, ne = ρcc + ρdd = 1 − ng, the coher-
ences ρpi = ρca− ρdb, ρσ = ρda + ρcb responsible for the pi
and σ polarized radiated fields respectively and the imag-
inary parts of the ground and excited Zeeman coherences
ρzg = 2iIm (ρab) , ρze = 2iIm (ρcd):
in˙g = 2iIm
(
Ωpiρ∗pi + Ωσe
−iΦ(~r,t)ρ∗σ
)
+ ineΓ(1)
iρ˙pi = Ωpi (ne − ng) + Ωσe−iΦ(~r,t) (ρzg + ρze) + ∆¯∗piρpi(2)
iρ˙σ = −Ωpi (ρzg + ρze) + Ωσe−iΦ(~r,t) (ne − ng) + ∆¯∗piρσ(3)
iρ˙zg = 2Re
(
Ωσe−iΦ(~r,t)ρ∗pi − Ωpiρ∗σ
)
(4)
iρ˙ze = iρ˙zg − iΓzeρze(5)
Here Ωpi = dpi~ ,Ωσ = −dσ~ ; (|Ωσ| << |Ωpi|) are the
Rabi frequencies for the control and the probe fields with
d = 〈a| ~D · ~epi |c〉 ( ~D is dipole moment); ∆¯pi = ∆pi + iΓd
where ∆pi = ω0 − ωpi is the detuning of the control
field and Γd is the rate at which σ and pi coherences
relax ; Φ = ∆t −
(
~kσ − ~kpi
)
· ~r where ∆ = (ωσ − ωpi) is
the dephasing between the control and the probe fields
and Γ,Γze are the relaxation rates for the populations
and the excited zeeman coherence. In the absence of
non-radiative homogeneous processes, the rates (Γze,Γd)
reduce to (Γ,Γ/2). We are interested next in the be-
haviour of ρσ. The Hamiltonian and the total polar-
ization are modulated in space and time which allows
us to expand the density matrix in a Floquet develop-
ment as ρ =
∑∞
n=−∞ ρ
(n)e−inΦ. The coherence that ra-
diates in the direction of the probe field is ρ(1)σ and ρ
(−1)
σ
doesn’t radiate because of the phase matching consid-
erations as already discussed. For the weak probe field(|Ωσ| << √ΓΓd) and at first order with respect to the
amplitude of the probe, the stationary solution for ρ(1)σ
can be derived from Eq. (3) as:
ρ(1)σ =
(
∆¯∗pi −∆
)−1 [Ωσ (n(0)g − n(0)e )+ Ωpi (ρ(1)zg + ρ(1)ze )]
(6)
Here, n(0)g −n(0)e = |∆¯pi|
2
4Ω2piΓdΓ
−1+|∆¯pi|2 is the static part of the
population difference and the first term in Eq. (6)shows
the absorption of the probe by this population. This ab-
sorption is compensated by the second term which rep-
resents the scattering of the control field off the Zeeman
spatial-temporal grating. This second term also repre-
sents the cross-Kerr effect [14]. In the stationary regime
we have:
ρ(1)zg +ρ
(1)
ze = −
Ωσ
Ωpi
(
n(0)g − n(0)e
) [
1−∆ (∆¯∗pi −∆)W (∆, ∆¯pi)]
(7)
with
W =
[
Ω2piM + ∆¯pi
(
∆ + ∆¯pi
)]
∆¯−1pi
2Ω2piM (∆ + iΓd) + ∆
(
∆¯∗pi −∆
) (
∆ + ∆¯pi
) (8)
and M = 2∆+iΓze∆+iΓze . We see from Eq. (6,7) that when the
two fields have the same frequency (∆ = 0), the compen-
sation of the absorption of the probe is perfect. This
creates a transparency window in the spectral absorp-
tion profile of the probe field. This method of producing
transparency is in contrast with EIT in a degenerated
lambda system for which atoms are pumped into a dark
state. Indeed, we can identify two Λ systems (|a〉 , |b〉 , |c〉)
and (|a〉 , |b〉 , |d〉) in our duplicated two level system and
define dark sates for each as |D〉 = −Ωσe−iΦ |a〉+ Ωpi |b〉
and
∣∣∣D´〉 = Ωpi |a〉 + Ωσe−iΦ |b〉 respectively. It can be
seen that when the matching condition
(
Ωσe−iΦ
)2 =
−Ω2pi is satisfied, the two Λ systems share a common dark
state making CPT possible. This situation has been iden-
tified and studied in four level systems by many groups
[7, 8, 9, 10, 11]. In our situation, the control field is
much stronger than the probe (|Ωpi| >> |Ωσ|) and Φ is
spatially varying, thus ruling out the possibility of CPT.
The effective susceptibility of the system for the probe
field is χ = 2α0Γdk
ρ(1)σ
Ωσ
. Using Eq. (6,7) we get:
χ (∆,∆pi) = ∆
2α0Γd
k
(
n(0)g − n(0)e
)
W
(
∆, ∆¯pi
)
(9)
Here k = ω0/c and α0 is the field absorption coefficient
at resonance given by the relation α0 = Nd
2ω0
2c~0Γd where N
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FIG. 2: : Profiles of the Real and Imaginary parts of the
susceptibility for the probe beam for different strengths of
the control beam. The others parameters are ∆pi = 0,Γd =
Γ/2,Γze = Γ.
is atomic density. Fig. 2 gives gives the behaviour of the
real and imaginary part of the susceptibility as the func-
tion of the detuning ∆ for different strengths of the con-
trol field. Two important features can be noted. First,
the absorption profile Im (χ) exhibits a dip with a mini-
mum 0 for ∆ = 0, as has been discussed before. Secondly,
the width of the dip decreases as the control intensity is
decreased. Correspondingly the dispersion profile Re (χ)
exhibits a very abrupt variation around ∆ = 0 which is
responsible for the slow light. A simplified expression for
the absorption profile can be worked out in the limit when
the detunings and the control field strength are small as
compared to relaxation rates. For Ωpi,∆pi,∆ << Γd,Γze,
we have Im (χ) ≈ α0k Γ
2
d∆
2/2Ω4pi
1+(Γ2d∆2/4Ω4pi)
. This is an inverted
Lorentzian with the width 4Ω2piΓ
−1
d . The relative width
of the transparency window compared with the absorp-
tion profile (linewidth 2Γd) is thus 2 (Ωpi/Γd)
2 and can
be reduced significantly by decreasing the control field
intensity. This intensity dependence of the transparency
window is similar to that in EIT method [1] . In con-
trast, in CPO technique, the width of the spectral hole is
at minimum given by the population relaxation rate and
the dip can not be arbitrary reduced [4, 12]. For a probe
with a small frequency spread across ∆ , the group veloc-
ity is vg = c
(
1 + Re(χ)2 +
ω0
2
∂Re(χ)
∂∆
)−1
∆=0
Using Eq. (9),
we find that
vg = c
(
1 +
cα0Γd
2Ω2pi
g
(
Ωpi, ∆¯pi
))−1
(10)
with g
(
Ωpi, ∆¯pi
)
= |∆¯pi|
2−Ω2pi
4Ω2piΓdΓ
−1+|∆¯pi|2 . For weak intensi-
ties of the control field such as |Ωpi| << Γd, we have
g ≈ 1 and Eq. (10) simplifies to the expression that is
obtained in EIT methods [1]. Very small group velocities
can be reached by decreasing the control field intensity
and/or increasing the atomic density of the medium. Us-
ing |Ωpi| = |d/~|
√
Ipi/2c0, where Ipi is the control field
intensity, we obtain vg ≈ 2Ipi/N~ω0. For Ipi = 1mW/cm3
and N = 1012at/cm2, we get vg ≈ 60m/s. The group de-
lay τ = L
(
v−1g − c−1
)
with L the length of the medium,
can be approximated as α0L2Ω2pi Γd. The figure of merit is
τ/T with T the pulse duration. Since Ω2piΓ
−1
d /
√
α0L rep-
resents the width of the transparency window for the
probe spectrum, we need to have T >>
√
α0LΩ−2pi Γd to
ensure that the entire probe spectrum is located within
this window. The figure of merit is important only if the
optical depth α0L is large enough to compensate for this
effect.
The main limitation of our method originates from
higher order non-linear effects we have neglected so far.
The transparency is related to the vanishing absorption
around ∆ = 0. However, this is true only at the first
order with respect to the probe amplitude. Higher order
terms may spoil this transparency. The coherence ρ(1)σ
can be evaluated at the next order of probe field ampli-
tude (at ∆ = 0 ) as:
ρ(1)σ =
Ωσ
(
∆¯∗pi
)−1 (Ωσ/Ωpi)2(
1 + 4Ω2piΓdΓ−1
∣∣∆¯pi∣∣−2)2 (11)
This contribution is very small for |Ωσ| << |Ωpi|, how-
ever, as the probe field obeys the propagation equation
[3, 4, 5, 6, 7, 8, 9, 10, 11, 12] ∂Ωσ∂y +
1
c
∂Ωσ
∂t = iα0Γdρ
(1)
σ ,
this small contribution can be amplified during propa-
gation and can spoil transparency. This requires that an
additional condition X = α0L |Ωσ/Ωpi|2 << 1 be fulfilled
in order to obtain a deep transparency window.
An important feature of slow light by EIT is the
presence of dark polariton that couples the propagat-
ing beam and the atomic coherences [5]. We can de-
fine a dark polariton as ψ (y, t) = cos (θ) Ωσ (y, t) −
sin (θ)
√
κ
(
ρ
(1)
zg + ρ
(1)
ze
)
with κ = cα0Γd2 g
(
Ωpi, ∆¯pi
)
and
tan (θ) =
√
κ/Ωpi . In the situation where transparency
for the entire probe spectrum is ensured, Eq. (7) still
holds and the instantaneous Zeeman coherence can be
approximated as ρ(1)zg + ρ
(1)
ze ≈ −Ωσ/Ωpi. It propagates
within the material along with the probe. The dark po-
lariton then evolves according to the (shape preserving)
equation ∂ψ/∂t + c cos2 (θ) ∂ψ/∂y = 0. The important
difference with dark polaritons in Λ system [5] is that
here only a part of the Zeeman coherence constitutes the
bound part of the polariton. When higher order terms
given by Eq. (11) become important, the polariton is
modified during propagation, experiencing both damping
and shape distortion. This may happens if we decrease
the intensity of the control field or if the probe pulse is
not enough weak. Fig. 3 shows the damping of the dark
polariton in a situation where the perfect transparency
is not realized in contrast to the temporally delayed po-
lariton obtained for perfect transparency (signifying slow
light). For the chosen parameters, the dominant contri-
bution for the polariton is the bound material part and is
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FIG. 3: Influence of non-linear effects. Temporal profile of
the dark polariton intensity for different values of X. We have
Ωσ (t, y = 0) = Ωσ0e
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√
pi and Ωpi = cte. Dotted line:
transparency is ensured and the polariton is delayed in time.
Dashed line: the polariton is damped and distorted.
damped when transparency is not ensured during prop-
agation. This effect represents an additional limitation
for storing light using this method.
In conclusion, we have introduced a new method based
on Zeeman Coherence Oscillation (CZO) for slowing light
in a duplicated two-level system. The transparency for
the probe field is achieved by a balance between the
medium absorption of the probe and the control field
diffraction by the Zeeman coherence grating. Like EIT,
the width of the transparency window is determined by
control field intensity. The transparency is ensured for
α0L |Ωσ/Ωpi|2 << 1 whereas efficient reduction of light
velocity requires Ω2pi << cα0Γd. This indicates that this
method can work only for small flux of the probe pulse.
The results presented here lead us also to conclude that
EIT, CPO and CZO can be described as different mani-
festations of the wave mixing induced by the two exciting
field. The transparency results from a balance between
the absorption of the probe and diffraction of the con-
trol field off some grating. Indeed, even EIT method
can be described in this way for a degenerate Λ system
and results from a scattering process in which the control
beam is diffracted by the ground level Zeeman coherences
[3, 11]. This feature is generally overlooked in the liter-
ature because of the more powerful description based on
the trapping state, but it can be the key idea for imple-
mentation of slow light in more complex systems where
no dark state exists.
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